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FIG. 8. Displacement of [‘H]dihydroergocryptine binding by adrenergic antagonists

Vas deferens membranes were incubated for 15 mm at 25#{176}with [‘HJdihydroergocryptine (2 aM) in the

presence of indicated concentrations of phentolamine (#{149}),dihydroergocryptine (0), phenoxybenzamine (B),

azapetine (0), propranolol (z�) or oxymetazolime (#{174}). Determination of specific binding is described in MATERIALS

AND METHODS. “100% inhibition” is defined as inhibition of binding by phentolamine (10 SM). Each value

represents the mean of 4 determinations.
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FIG. 9. The effects of a-adrenoreceptor blocking drugs on the concentration-response curve for (-)epineph-

rine-induced contractions of guinea-pig vas deferens

Isometric contractions to epinephrine were recorded from isolated tissues mounted in an organ bath under

conditions described in MATERIALS AND METHODS. Vas deferens were exposed to each antagonist for 30 miii.

The curves shown include: control (-)epinephrine (#{149}),and in the presence of phentolamine (0.5 �tM) (0), and

azapetine (0.5 fuss) (ix). Each point represents the mean ± S. E. for 3 determinations, except for the control

(-)epinephrine, which is the composite of 10 determinations.

contains only one population of high-affin-
ity [3H]DHE binding sites (Fig. 1B), which

exhibit no cooperative interactions (Fig.
1C). The binding of [3H]DHE to vas def-
erens membranes is rapid (Fig. 2) and re-
versible (Fig. 3), with association and dis-
sociation kinetics similar to [3H]DHE bind-

ing to rabbit uterine (1) and rat parotid (2)
membranes. The kinetically-derived equi-
librium dissociation constant agrees with

the KD value determined at half-maximal
binding (Fig. 1A), corroborating the accu-
racy of the estimate of [3H]DHE affinity
for the a-adrenoreceptor.
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Isometric contractions to epinephrune were recorded from isolated tissues mounted in an organ bath under

conditions described in MATERIALS AND METHODS. Vas deferens were exposed to oxymetazoline for 30 mm. The

curves shown include: control (-)epinephrine (S), and in the presence of oxymetazohne (1 �M) (0) and (10

ELM) (A). Each point represents the mean ± S. E. for 4 determinations.
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FIG. 11. The antagonism of (-)epinephrine-induced contractions of guinea-pig vas deferens by dihydro-

ergocryptine

Isometric contractions to epinephrine, in the presence of cocaine (50 tiM), were recorded from isolated tissues

mounted in an organ bath under conditions described in MATERIALS AND METHODS. Vas deferens were exposed

to dihydroergocryptine for 30 mm. The curves shown include: control (-)epinephrine (#{149}),and in the presence

of dihydroergocryptine (10 nM) (0). Each point represents the mean ± S. E. for 9 determinations.

Optimal binding of [3H]DHE observed at
physiological pH (Fig. 4) may reflect the

charge distribution over the ergot alkaloid
and its binding site, allowing for the most

favorable interaction between drug and re-
ceptor. [3H]DHE binding to guinea-pig vas
deferens membranes appears to be optimal
in the presence of Mg’� (Table 1). That
Ca2� cannot substitute for Mg2�, in this

regard, implies a degree of specificity in the
divalent ion contribution to binding of this
radioligand. The inhibition of [3H]DHE
binding to vas deferens by Ca2� (Table 1)

contrasts with the lack of effect by Ca2� on
[3H]DHE binding to rabbit uterine mem-
branes (23). This differential effect of Ca2�
may be due to different membrane site
characteristics between the two species.
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Nevertheless, it appears that [3H]DHE
binding to guinea-pig vas deferens mem-
branes is selectively influenced by divalent,
but not monovalent cations. The marked

temperature-dependence of[3H]DHE bind-
ing kinetics (Fig. 5) contrasts with the rel-
ative insensitivity to temperature of $-
adrenoreceptor association with the antag-
onist [3H]dihydroalprenolol (24). While no
comparable data exists for the temperature-
sensitivity of [3H]DHE binding in other
tissues, the kinetics and magnitude of
[3H] catecholamine agonist binding to calf
brain a-adrenoreceptors is also markedly
temperature dependent (25). The decreased

binding to vas deferens membranes at 5#{176}
and 15#{176}(Fig. 5) implies reduced accessibil-
ity of the a-adrenoreceptor to [3H]DHE,
due perhaps to decreased biomembrane
fluidity at these lowered temperatures and
an influence of membrane lipids on the
availability of the receptor to ligands.

Radioligand displacement by a series of

a-agonists (Fig. 6) and antagonists (Fig. 8)
demonstrates the specificity of [3H]DHE
binding to the a-adrenergic receptor of

guinea pig vas deferens. The stereoselectiv-
ity of catecholamine inhibition of binding
(Fig. 6) parallels the greater physiological
potency of (-)catecholamines in eliciting
vas deferens contractions than their
(+)stereoisomers (26). The guinea-pig vas
deferens a-adrenoreceptor exhibits a
greater apparent stereoselectivity toward
catecholamines than rabbit uterine (1) and
rat brain (3, 4) a-adrenergic receptors. The
potency order for displacement of [3H]-
DHE by phenylethylamine agonists (Fig. 6)
is identical to their agonistic potency in
eliciting contractile responses of the iso-
lated vas deferens (Fig. 7). Under condi-
tions of neuronal reuptake blockade by co-

caine, the physiological dissociation con-
stant value for norepinephrine is decreased

(Table 2). Nevertheless, the observed po-
tency order for the phenylethylamine ago-
nists, as determined by radioligand binding
and physiological responses, remains char-
acteristic of expected interactions with a-

adrenoreceptors (1-5, 19, 26).

The lack of [3H]DHE displacement by
histamine and serotonin is in contrast with
the ability of these amines to displace ra-

dioligand from rabbit uterine membranes
( 1). In rat brain membranes, serotonin has
an even greater affinity for [3H]DHE bind-
ing sites than the catecholamine agonists

(3). The potency difference between (-)cat-
echolamine agonists and dopamine in dis-
placing [3H]DHE from vas deferens mem-

branes (Fig. 6) is much greater than for
rabbit uterus (1) and rat brain (3, 4). Thus,
specific binding of [3H]DHE to guinea-pig
vas deferens is subject to much less inter-
ference by other receptors in comparison
with other tissues (1-4), emphasizing the

value of this tissue for the study of a-adren-
oreceptor mechanisms.

The potency order for displacement of
[ 3HJDHE from vas deferens membranes by
a-adrenoreceptor antagonists (Fig. 8)

agrees with the order for other tissues (1-
4). The specificity of [3H]DHE for the a-
adrenoreceptor is verified by the weak po-
tency of the $-antagonist propranolol (Fig.
8). The ergot alkaloids exhibit the highest
affinity for the binding site (Table 2), and
consistent with their physiological poten-
cies (19) the dihydrogenated ergot alkaloids

are more potent than the unsaturated ana-
logues. The close agreement between dis-
sociation constants of azapetine and dihy-
droergocryptine (Table 2), as estimated
from radioligand binding (Fig. 8) and an-

tagonism of physiological responses (Figs.
9 and 11), validates the hypothesis that
[3H]DHE binds to the a-adrenoreceptor of
guinea-pig vas deferens. The only unchar-
acteristic aspect of the action of dihydro-
ergocryptine as an a-adrenoreceptor antag-
onist is our observation that it is not readily

reversible by washing after use in experi-
ments on physiological antagonism. It is
important that this lack of reversibility is

characteristic of situations in which intact
tissue is exposed to the drug under condi-
tions (35#{176},oxygenation, long time periods)
of greatest vulnerability to chemical and!

or metabolic degradation (27). The possi-

bility that degradation products may accu-
mulate in the vas deferens, accounting for
the difference between the membrane and
the intact tissue behavior, is under investi-
gation.

The imidazoline derivatives, oxymetazo-
line and phentolamine, are potent inhibi-
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tors of [3H]DHE binding to vas deferens
membranes. Oxymetazoline has generally
been classified as an a-adrenoreceptor ag-

onist in most systems, e.g., vascular smooth
muscle (28, 29). Our results, however, dem-
onstrate that oxymetazoline is a competi-
tive antagonist in guinea-pig vas deferens,
resembling the typical imidazoline a-antag-
onist phentolamine in its ability to antago-
nize epinephrine-induced contractions of
this tissue (Fig. 10). Imidazoline antagonists
also exhibit a 30 to 35-fold lower potency in
antagonizing epinephrine-induced contrac-
tions compared with inhibition of [3H]DHE
binding to vas deferens (Table 2). Newman
et al. (5) reported a similar discrepancy
between the ability of phentolamine to in-
hibit [3H]DHE binding and antagonize ep-
inephrine-induced inhibition of PGE1-stim-

ulated adenylate cyclase in platelet lysates.
While the reason for the dissociation be-
tween physiological antagonism and [3H]-

DHE displacement by imidazolines is not
apparent, several suggestions may be pro-
posed. Ruffolo et al. (30) demonstrated that
binding of the a-antagonist [3H]dihydroa-
zapetine to rat vas deferens is inhibited by
imidazolines, but paradoxically enhanced

by (-) stereoisomers of phenylethylamines.
It was proposed that imidazolines bind to a

site different from, but interacting with, the
catecholamine recognition site of the a-
adrenoreceptor (30). Although all physio-
logically-active a-ligands inhibited [3H]-
DHE binding in guinea-pig vas deferens,
the existence of two distinct, but interacting
a-adrenoreceptor sites may underly the dis-
crepancy between KD values for phentol-
amine and oxymetazoline as determined
from contractile and [3H]DHE binding data
(Table 2). An additional contribution to
this discrepancy could also reside in tissue
uptake and/or metabolism of imidazolines,
thereby altering their assumed free concen-
tration in the vicinity of the a-adrenorecep-
tor.

In conclusion, the data indicate that
[3H]DHE binds to a membrane site on
guinea-pig vas deferens which has binding
characteristics expected of an a-adrenergic
receptor (1-5). The data demonstrate rela-
tively close agreement between the potency
order for inhibition of [3H]DHE binding to

guinea-pig vas deferens membranes by flu-
merous a-adrenoreceptor ligands and their
order of potency determined from physio-
logical responses by the same tissue (Table
2). This would suggest that [3H]DHE binds
to the a-adrenergic receptor of guinea-pig
vas deferens.
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SUMMARY

CHANG, KWEN-JEN, BARRETT R. COOPER, ELI HAZUM, AND PEDRO CUATRECASAS:

Multiple opiate receptors: Different regional distribution in the brain and differential
binding of opiates and opioid peptides. Mol. Pharmacol. 16, 91-104 (1979).

In rat brain membrane preparations, the parenterally and orally active peptide, ED-Ala2,

MePhe4, Met(O)5-ol]-enkephalin, binds to morphine receptor sites ([3H]naloxone or
[3H]dihydromorphine binding sites) with an affinity higher than that for enkephalin
receptor sites ([1251] [D-Ala2, D-Leu5]-enkephalin binding sites). [12511 [D-Ala2, MePhe4,
Met(O)5-ol]-enkephalin binds to morphine receptor sites stereospecifically, in a saturable
manner and with characteristics similar to that of [3H]dihydromorphine; this ligand can
be used as an lmI�labeled probe to measure specific binding to morphine receptor sites.

Na� decreases and Mn2� increases the binding capacity with a concomitant reduction of
affinity for [‘�I] [D-Ala2, MePhe4, Met(O)5-ol]-enkephalin. This peptide does not bind to

neuroblastoma cells with high affinity. The brain regional distribution of binding of [125J]

[D-Ala2, MePhe4, Met(O)5-ol]-enkephalin or [3H]naloxone and [‘�I] [D-A1a2, D-Leu5]-
enkephalin are different. The differential potency of binding of opiate agonists, antago-
nists, mixed agonist-antagonists, enkephalins and enkephalin analogues is studied by
competition of binding of [3H]naloxone or [12511 [D-Ala2, MePhe4, Met(O)5-ol]-enkephalin
(morphine receptor) and of[19] [D-A1a2, D-Leu5]-enkephalin sites (enkephalin receptor).
All of these results support the contention that there are multiple opiate receptors with
differing characteristics.

INTRODUCTION

H-Tyr-Gly-Gly-Phe-Leu-OH([Leu5]-en-
kephalin) and H-Tyr-Gly-Gly-Phe-Met-

OH([Met5]-enkephalin) are two naturally
occurring morphine-like substances (1, 2).
These two enkephalins, which are widely
distributed in the brain and gastrointestinal
tract of various species (1-11), inhibit the
electrically driven contraction of the iso-
lated guinea pig ileum and the mouse vas
deferens (1). Intracisternal injection of en-
kephalins elicits many morphine-like ef-
fects such as analgesia (12, 13), growth hor-
mone and prolactin release (14) and addic-
tion and physical dependence (15, 16).

These peptides also bind to opiate receptors
with very high affinity (17-21).

Pharmacological studies using a variety

of narcotic substances have led Martin and
colleagues (22, 23) to suggest the presence

in brain of multiple opiate receptors (i.e.,
putative a, ic and �t receptors). Recent stud-
ies have shown that the potency of the
enkephalins in inhibiting the binding of
[3H]naloxone to rat brain membrane prep-
arations is less than that exhibited by their

inhibition of binding of [3H]enkephalin (21,
24-26) or [‘25I]enkephalin (26). However,
the potency of narcotic drugs in inhibiting
the binding of these two labeled ligands is
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reversed (21-26). Lord et al. (21) observed
a difference in the rank order of potency by
opioid peptides and opiates in the mouse
vas deferens and guinea pig ileum. Frenk et

al. (27) reported that different pharmaco-
logical responses were obtained by injection
of enkephalins and opiate agonists into cer-
tain regions of rat brain. Law and Loh

(28) observed that the binding of [3H]di-
hydromorphine and [3H]leu-enkephalin
were differentially affected by Na�, temper-

ature and N-ethylmaleirnide and 3,5-
diiodo-4-diazosulfonilic acid. These data
support the possible existence of multiple
opiate receptors.

Using very low concentrations of [12511

[D-A1a2, D-Leu5]-enkephalin or [3H]narcot-
ics, conditions under which the high affinity
binding sites for each labeled ligand are
selectively detected (29), reveals that there

are at least two distinct opiate receptor
populations present in rat brain membrane
preparations (29). One of these binds en-
kephalin better than morphine (enkephalin
receptor sites) while another binds mor-
phine better than enkephalin (morphine
receptor sites) . Sodium ions decrease the
binding to both sites. The relative affinities

in the absence of Na� for these two binding
sites are [D-Ala2, Leu5]-enkephalin �

[Leu]-enkephalin or [Met]-enkephalin >

naloxone �: morphine for the enkephalin
binding sites and morphine> naloxone>
[D-Ala2, Leu5]-enkephalin > [Met]-en-
kephalin> [Leu]-enkephalin for the mor-
phine receptor sites.

Childers et al. (30) have compared the
potency of a group of opiate drugs in com-
peting for the binding of [3H]opiates and
[3H]enkephalin. The differences in these
two binding assays seem to depend on the
structural difference at the C6-C8 region of

opiates and Childers et al. preferred to ex-
plain the results on the basis of a model
with several points of attachment to a single
opiate receptor (30).

Roemer et al. (31) reported that the pep-
tide (Sandoz FK 33-824), Try-D-Ala-Gly-
N#{176}-MePhe-Met(O)-ol, is orally active and
about 30,000- and 1000-times more potent
than [Met]-enkephalin and morphine, re-
spectively, after intracerebroventricular ad-
ministration to mice. In the present paper,

we describe our finding that this peptide
has a much higher affinity for morphine
than for enkephalin receptor sites. The io-
dinated [D-Ala2, MePhe4, Met(O)5-ol]-en-
kephalin also binds to morphine receptor

sites stereospecifically, saturatably and
with characteristics very similar to those of
opiate narcotics. The potency of a variety

of opiates and enkephalin analogues in in-
hibiting the binding of [12511 [D-A1a2, D-
Leu5]-enkephalin, [12511 [D-Ala2, MePhe4,
Met(O)5-ol]-enkephalin and [3H]naloxone
are also compared. In addition, the differ-
ential binding of these three labeled ligands
to various regions of the rat brain is dis-
cussed.

MATERIALS AND METHODS

Enkephalins and their analogues were
synthesized by Dr. S. Wilkinson, the Well-
come Research Laboratories, Beckenham,
England. [D-A1a2, MePhe4, Met(O)5-ol]-en-
kephalin and [D-Met2, Pro5]-enkephalin
were purchased from Peninsula Laborato-
ries, San Carlos, Calif. Morphine sulfate
was obtained from Mallinckrodt, naloxone
from Endo Laboratory, butorphanol and

oxilorphan from Bristol Laboratories and

pentazocine from Sterling-Winthrop Re-
search Laboratories. Unlabeled monoiodi-
nated [D-Ala2, D-Leu5]- and [D-A1a2,
MePhe4, Met(O)5-ol]-enkephalins were pre-
pared by the method of chioramine T and

purified in gel filtration (Bio-Gel P2) and
confirmed by the change of OD2w/OD2w
absorption ratio. [12511 [D-Ala2, MePhe4,
Met(O)5-ol]-enkephalin and [12511 [D-Ala2,
D-Leu5]-enkephalin were prepared as de-

scribed previously (26, 29, 32). The specific

activity of [12511 [D-Ala2, D-Leu5]-enkeph-
aim was about 1 to 2 Ci per �imole.
[3H]Naloxone (23 Ci per mmole) was pur-

chased from New England Nuclear.
The crude brain membrane preparations

were prepared as described previously (29)

by the method of differential centrifugation
in isotonic sucrose solution. Whole brain
(without cerebellum) from Sprague-Daw-
ley rats (150 to 200 g) is homogenized in 10
volumes (v/w) of 0.32 M sucrose with a

Polytron PT-20 for 1 minute at a setting of
3. The homogenates are centrifuged at 6,000
x g for 15 minutes to remove the nuclei and
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mitochondria. The supematants obtained

from two such centrifugations are com-
bined and centrifuged at 40,000 x g for 30
minutes. The pellets are resuspended in 5
volumes (original wet weight) of 5 m�i Tris.

HC1, pH 7.7, and allowed to swell for 30
minutes. The synaptosomes thus obtained

are disrupted with a Polytron homogenizer
and centrifuged at 6000 x g for 15 minutes.

The supernatants are centrifuged at 40,000
x g for 30 minutes. The tight, brownish

pellets (which contain most of the mito-
chondria) are discarded while the top, loose

pellets are separated and resuspended in 5
mM Tris - HC1. These steps of swelling, dis-

ruption and centrifugation are repeated and
the final loose membrane pellet is sus-
pended in 2 volumes (original wet weight)
of 50 mM Tris. HC1 and stored at -20#{176}.

For studying the brain regional distribu-

tion, rat brains were dissected into nine
pieces using a modification of the procedure

described in Miller et al. (5). Each brain is
removed and placed with its ventral surface
up on an ice-cold petri dish. The brain is

initially separated into sections of fore-
brain, midbrain, and brain stem plus cere-

bellum by two cuts along the coronal plane,
one at the level of the optic chiasm and the
other at the level of the mamillary bodies.
The “striatums” are removed from the fore-

brain section and the “limbic system,” con-
sisting of olfactory tuberculum, and the sep-
IT,al nuclei are separated from the “frontal
cortex” using the lateral margins of the

olfactory tract as a guide. Two cuts in the
sagittal plane are then made in the mid-
brain section, extending from the cortical
margins of the hypothalamus dorsally to
the lateral vertricles. The “hypothalamus”
is then separated by a horizontal cut at the
level of the anterior commissure from the
remaining column of tissue which consti-

tutes the “thalamus.” The “hippocampus”
and the overlying “sensormotor cortex” are
then teased free and separated. The dissec-
tion is completed by separating the “cere-
bellum” from the “brain stem.” The brain
tissues are homogenized in ice-cold isotonic
sucrose (0.32 M) by a Polytron PT-20 (set-
ting at 3.5). The whole membrane particu-
late samples are centrifuged at 40,000 x g

for 30 minutes. The synaptosomes are dis-

rupted with a Polytron after suspension (30
minutes) in 5 mi�i Tris - HC1, pH 7.4. This

step is repeated once. The membrane pel-
lets are then incubated with 0.1 M NaCl for
60 minutes to dissociate the endogenous,
bound enkephalin as suggested by Siman-

toy et al. (33). The final membrane pellets
are washed twice with 50 nmi Tris - HC1, pH
7.7, and suspended in the same buffer for
the binding assays.

Binding assays (24#{176}for 60 minutes) are
performed essentially as described prey-
ously using a filtration method (26, 29). The
protein concentration is about 0.5 to 1 mgI
ml. For the competition curves, the concen-
trations of labeled ligands are 0.05 nM, 0.1
aM and 0.4 ni�i for [12511 [D-Ala2, D-

Leu5]-enkephalin, [12511 [D-A1a2, MePhe4,
Met(O)5-01]-enkephalin and [3H]naloxone,
respectively, unless otherwise indicated.
The total incubation volumes are 0.25 and
2 ml for 1251 and 3H-labeled ligands, respec-
tively. Non-specific binding is determined
in the presence of 0.1 �tM [D-Ala2,
D-Leu5]-enkephalin and 0.1 j�M naloxone.
The binding reaction is stopped by rapidly

filtering through GF/C glass ifiters and the
filters are washed twice with 10 ml of ice-
cold Tris . HC1 buffer under vacuum. All
assays are performed in duplicate and the
variabifity of the duplicates is usually less

than 10% of the mean. The protein concen-
tration is determined by the method of

Lowry et al. (34) using crystalline bovine
serum albumin as standard.

RESULTS

1. Preference of ID-Ala2, MePhe4, Met-

(O)5-ol]-enkephalin for morphine receptor

sites. We have shown previously (29) that

enkephalins and their metabolically stable

analogues, [D-A1a2, Leu5]-, [D-A1a2, D-
Leu5]- and [D-Ala2, Met5]-enkephalins are
more potent in inhibiting the binding of
[12511 [D-A1a2, D-Leu5]-enkephalin (enkeph-
alin receptor sites) than that of [3H]nalox-
one and [3Hjdihydromorphine (morphine
receptor sites). The present study indicates,
in contrast, that [D-Ala2, MePhe4, Met(O)5-
ol]-enkephalin (Sandoz FK 33-824) is much
more potent in inhibiting the binding of
[3H]naloxone than [‘�I] [D-Ala2, D-Leu5]-
enkephalin in the absence of Na� (Fig. 1).
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The difference is about 20-fold in the ap-

parent IC50 values. Thus [D-A1a2, MePhe4,
Met(O)5-ol]-enkephalin serves as an en-

kephalin analogue with preferential binding
to morphine receptor site (29). Consistent

with the previous report (31) that Na�
greatly reduces the potency of this peptide
in inhibiting the binding of [3H]naloxone, a
nearly 30-fold reduction in affinity is ob-
served (Fig. 1), suggesting that this peptide

has agonist properties (35).
2. Binding properties of [125J] [D-A1a2,

MePhe4, Met( O)5-ol]-enkephalin. [D-Ala2,
MePhe4, Met(O)5-ol] was labeled with 1251

and found to be bound to opiate receptor
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sites with characteristics similar to those
expected for morphine receptor sites (29).
The binding of [‘9] [D-A1a2, MePhe4,

Met(O)5-ol] is inhibited by levorphanol at

fiM concentrations and by the biologically

much less active stereoisomer, dextror-
phan, at much higher concentrations (Fig.
2). Morphine, naloxone and [D-Ala2,

MePhe4, Met(O)5-ol]-enkephalin are also
very potent in inhibiting this binding. The

natural enkephalins and their stable ana-
logues show lower potencies. The order of
relative potencies is morphine > naloxone

> [D-A1a2, Leu5]-enkephalin> [Met5]-en-

kephalin � [Leu5]enkephalin. The same er-

[D-A 1a2, MePhe4,Met (0)�-oI] - E nkephaCin, M

Fic. 1. Competition curves of ID-Ala’, MePhe4, Met( O)5.ol/.enkephalin in inhibiting the binding 01(1251]
[D-Ala’, D-Leu5/-enkephalin (A) and [3HJnaloxone in the absence (S) and presence (0) of Na�

Values represent the mean of duplicate samples (which are ±5% of the mean). The concentrations of [25!]

[D-Ala2, D-Leu5]-enkephalin and [3H]naloxone are 0.05 n� and 0.4 nM, respectively.
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Fic. 2. Inhibition curves of the binding of [125J�/ [D.Ala’ MePhe4, Met(O)T-olJ-enkephalin (0.2 nM) by

levorphanol (#{149}),dextrorphan (0), [Leu/.enkephalin (A), morphine (D), naloxone (U) and [D-Ala’, Leu5]-

enkephalin (L�s)

Values represent the mean of duplicates, which are ±5% of the mean.
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FIG. 3. Saturation binding isotherms and Scatchardplots (insert) ofthe binding 0111251] ID-Ala’, MePhe4,

Met( O)5-ol]-enkephalin to brain membranes in the absence (#{149})and presence (0) of Mn’�

0.25 ml of brain membrane (0.5 mg per ml protein) is incubated with various concentrations of [125!] [D-A1a2,

MePhe4, Met(0)5-ol]-enkephalin (specific activity, 0.6 Ci per �tmole) in the absence and presence of Mn2� at 24#{176}

for 60 minutes. Non-specific binding is determined in the presence of 10 �1M of [D-Ala2, Leu5]-enkephalin. Values

represent the means of duplicate determinations, which are 10% of the mean. Note: The apparent dissociation

constants are 0.8 and 2.5 nsi in the absence and presence of Mn2�. Both are linear under the conditions studied.

C 2 3 4

Free[C251][D_A1a2, MePhe4,Met(O)5-oC]- Enkephahn,nM

MULTIPLE OPIATE RECEPTORS 95

der exists in competing for the binding of

[3H]naloxone and [3H]dihydromorphine
(29). Furthermore, the binding of [1251] [D-

Ala2, MePhe4, Met(O)5-ol]-enkephalin is re-
duced in the presence of Na� (not shown),

and saturation occurs at very low concen-
trations (Fig. 3) with an apparent dissocia-
tion constant (Kd) of 0.8 ni�i. A linear Scat-
chard plot is obtained at concentrations

below 5 ni�i. Thus, [1251] [D-Ala2, MePhe4,

Met(O)5-ol]-enkephalin can be used as a
ligand of high specific activity for the de-
tection and study of morphine receptor

sites.
3. Differential effects of Mn2� on the

binding of [125jj [D-A1a2, D-Leu5]- and

�125jj ID-Ala2, MePhe4, Met( O)5-ol]-en-

kephalins. Saturation binding curves show

that Mn2� does not significantly affect the
binding of [1251] [D-Ala2, MePhe,4, Met(O)5-
olJ-enkephalin at low concentrations (<0.5
nM). However, the binding is increased at
concentrations of the peptide higher than
1 ni�i. The Scatchard plots (Fig. 3) reveal

that Mn2� actually increases the binding

capacity (about 2-fold) with a concomitant
reduction in the affinity (about 2.5-fold).

In contrast, the binding oflow concentra-

tions of [‘9] [D-Ala2, D-Leu5]-enkephalin

is increased about 2-fold by Mn2� (Fig. 4).
The increase in binding is relatively smaller
at higher concentrations. The Scatchard
plots indicate that both the capacity and

affinity for the high affinity sites (enkeph-
am receptor site) are increased. However,

the interaction with the low affinity sites
(morphine receptors sites) cannot be as-
sessed clearly because of the high non-spe-
cific binding at concentrations greater than
10 nM.

4. Differential binding in various re-

gions of the brain. Table 1 shows that
marked differences exist in the binding ac-

tivities of membrane preparations from var-
ious regions of the brain. The ratio of bind-

ing of [‘9] [D-A1a2, D-Leu5]-enkephalin to

the binding of [3H]naloxone and [1251] [D-
Ala2, MePhe4, Met(O)5-ol]-enkephalin var-
ies from 5 to 1, suggesting a non-uniform
distribution of the two populations of opiate
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FIG. 4. Saturation binding isotherms and Scatchard plots for the binding of [125J] ID-Ala’, D-Leu5]-

enkephalin to brain membrane in the absence (S) and presence (0) of Mn’�

0.1 ml of brain membranes (0.8 mg/mi protein concentration) is incubated with various concentrations of

[19] [D-Ala’, D-Leu5]-enkephalin (specific activity, 2 Ci per �mole) in the absence and presence of Mn2� at 24#{176}

for 60 minutes. Non-specific binding is determined in the presence of 10 �M of [D-Ala’, Leu5]-enkephalin.
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binding sites. The maximal binding capac-
ities of the two ligands used to assess mor-
phine sites, as measured with [3H]naloxone
and [1251] [D-A1a2, MePhe4, Met(O)5-ol]-en-

kephalin, are quite similar to each other in
all areas and suggest again that both ligands
bind to the same receptor population. Prep-
arations from the cortex, striatum and lim-
bic system bind about equally well, while

those from the hippocampus, thalamus and

hypothalamus bind somewhat less. The
brain stem binds only one-half as much as
the frontal cortex. Quite a different pattern
of distribution of binding is found for the
ligand, [‘9] [D-Ala2, D-Leu5]-enkephalin.
The frontal cortex and striatum bind best,

while the sensomotor cortex and limbic sys-
tem bind about half as much. The hippo-
campus, brain stem, thalamus and hypo-
thalamus bind only about one-fourth as
much as the frontal cortex. These data sug-
gest that the thalamus and hypothalamus

contain relatively more morphine binding
sites. The differences in the distribution of
binding of [1251] [D-Ala2, D-Leu5]-enkeph-
alin compared to [3H]naloxone or [‘9] [D-

Ala2, MePhe4, Met(O)5-ol]-enkephalin are
not due to differences in the content of
endogenous enkephalins since the mem-

brane preparations are preincubated with
0.1 N NaCl for 1 hour and washed before
being assayed. Under these conditions most
of the bound, endogenous enkephalin is
removed (33). The difference in the binding

of [D-A1a2, MePhe4, Met(O)5-ol]-enkepha-
lin and [3H]naloxone in the preparations
from thalamus and hypothalamus is prob-
ably due to the difficulty in the accurate

dissection of these two areas since they are
obtained from different brains.

Since the difference in the apparent affin-

ity of enkephalin and morphine binding
sites for [‘9] [D-Ala2, D-Leu5]-enkephalin
is only about 4-fold (29), morphine recep-
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TABLE 1

Comparison of the binding activities of[”51] ID-Ala2, D-Leu5].enkephalin, 112511 [D.Ala’, MePhe4, Met(O)5-

ol]-enkephalin and /3H]naloxone to different brain regions

The binding was performed at concentrations of 0.05, 0.2 and 0.5 nM labeled ligands, respectively, at 24#{176}for

60 minutes. Since the binding of these labeled ligands is characteristic of a bimolecular reaction without

cooperative interactions (29), the equation,

[R#{237}][H#{237}I
Kd= [RHI’

can be used to calculate the maximum binding capacity ( R1 + RH) for each binding site, where Kd is the

dissociation constant, [R1], [H1] and [RH] are the concentrations of free receptor, free ligand and bound ligand,

respectively. The corresponding dissociation constants are 1.5, 0.8 and 0.5 riM, respectively. Values are expressed

as fmol per mg of membrane protein ± SE. The numbers in parentheses are the number of separate experiments.

Brain regions Binding activities,4 fmol/mg

[125!,] [D-Ala2, D- [‘25IIJD-Ala2� [3H]naloxone ratio”

Leu ]-enkephalin MePhe , Met(0)5-
oll-enkephalin

Frontal cortex 99 ± 17 (7) 108 ± 18 (3) 95 ± 6 (4) 1/1.1/1

Striatum 99 ± 12 (7) 142 ± 25 (3) 91 ± 20 (4) 1/1.4/1

Sensomotor cortex 65 ± 6 (7) 96 ± 15 (3) 71 ± 14 (4) 1/1.5/1.1

Limbic system 48 ± 5 (7) 90 ± 15 (3) 100 ± 16 (4) 1/1.9/1.8

Hippocampus 32 ± 4 (7) 72 ± 8 (3) 65 ± 6 (4) 1/2.3/2.0

Brain stem 20 ± 3 (7) 43 ± 6 (3) 44 ± 6 (4) 1/2.2/2.1

Thalamus 27±5(7) 120±10(3) 85±15(4) 1/4.5/3.2

Hypothalamus 14 ± 3 (7) 40 ± 16 (3) 73 ± 20 (4) 1/2.8/5.2

a The concentrations of labeled ligands were selected to ensure that the majority of the binding occurred to

high affinity sites of the respective ligands. The IC�o values for [D-A1a2, MePhe4, Met(O)5-ol]-enkephalin and

naloxone in competing for their respective labeled ligands are the same in every region. However, the IC,,,

values for [D-A1a2, D-Leu5]-enkephalin in inhibiting [125!] [D-Ala’, D-Leu’]-enkephalin binding vary by a factor

of about 2 to 3. IC,�o values in hypothalamus and thalamus are higher than those of cortex and striatum. This is

because of the relatively higher content of morphine receptors in the hypothalamus and thalamus. In these

regions, some of the [125!] [D-Ala’, D-Leu’]-enkephalin is bound to morphine receptors and thus the content of

enkephalin receptor is overestimated.

b Ratio of binding capacity of [“I] [D-A1a2, D-Leu’]-enkephalin/[”I] [D-Ala2, MePhe’, Met(O)’-ol]-enkeph-

alin/[3H]naloxone.

tors will bind some radioactivity and the
proportion bound to each site will depend
upon the relative content of these two bind-

ing sites. Under the present experimental

conditions, the competition between [125J]

[D-Ala2, D-Leu5]-enkephalin (0.25 riM) and
naloxone (Fig. 5) or morphine (not shown)
for the binding sites in the frontal cortex
preparation suggests that the majority

(-80%) of the radioactivity is bound to
enkephalin receptors having a low affinity
for narcotics and a high affinity for enke-
palm. In contrast, in preparations from the
thalamus the major portion (70%) is bound
to morphine receptors, which have a high

affinity for narcotics and low affinity for
enkephalin (Fig. 5, lower portion).

The apparent affinities of compounds in

competing for the binding of [1251] [D-Ala2,
D-Leu5]-enkephalin is also expected to vary
for different regions depending upon the

relative quantities of these two binding
sites. Fig. 5 shows the relative ability of
naloxone (upper) to inhibit the binding of
[1251] [D-A1a2, D-Leu5]-enkephalin. The in-
hibition curves are extended over a span of
four log units, and the apparent IC50 values
for the frontal cortex and thalamus mem-
brane preparations are 20 ni�i and 1 nM,
respectively. Biphasic curves occur in both
cases but their sensitivity to naloxone is
reversed. The values obtained are very sim-
ilar to those described previously (29). The

apparent dissociation constants of naloxone
for the enkephalin and morphine binding
sites are 15 and 0.5 nM, respectively (29).
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Morphine sulfate behaves very similarly to
naloxone. It is much more potent in inhibit-
ing the binding of [1251] [D-Ala2, D-Leu5]-
enkephalin to membrane preparations from

the thalamus than from the cortex (not

shown). The apparent IC50 value of nalox-
one for inhibiting the binding of [‘9] [D-

Ala2, D-Leu5]-enkephalin in the prepara-

tions from brain stem and hippocampus is
about 4 ni�i while a value of about 10 nM is

observed for the limbic system. These val-
ues lie between those of cortex and thala-
mus and are consistent with the data pre-
sented in Table 1.

5. Characteristics of opiate receptors in
neuroblastoma cells. Previously we re-

ported (26) that neuroblastoma cells bear
opiate receptors having properties very
similar to those of enkephalin receptor

sites, and that they bind enkephalins and
opiates with high and low affinities, respec-

tively. All attempts to demonstrate the ex-
istence of opiate receptor sites having the
characteristics of morphine receptors have
failed (29), suggesting that neuroblastoma
cells possess only enkephalin receptor sites.

This is further confirmed by binding studies

using [‘9] [D-Ala2, MePhe4, Met(O)5-ol]-
enkephalin. This iodinated peptide does not

bind to neuroblastoma cells under condi-
tions which show substantial binding to rat

brain membrane, while [19] [D-Ala2, D-
Leu5]-enkephalin binds very well to neuro-

blastoma cells. Furthermore, the peptide
competes for the binding of [1251] [D-Ala2,
D-Leu5]-enkephalin in neuroblastoma cells
with a low affinity (about 30 ni�i) in a way
similar to that shown for enkephalin recep-
tor sites in brain membrane preparations.

6. Comparisons of opiates, enkephalins

and their analogues. All compounds,
whether agonists, antagonists, mixed ago-
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FIG. 5. Competition curves (upper portion) of naloxone in inhibiting the binding of [“�1] ID-Ala’,

D-Leu5]-enkephalin (0.25 nM) to membrane preparations from the fontal cortex (#{149})and thalamus (0)

The lower portion shows the modified Scatchard plots. In competition experiments, when the fraction of

total labeled ligand bound to membranes in the absence of competing ligand is less than 5%, the fractional

occupancy of the competing ligand is almost equivalent to the percent inhibition of labeled ligand binding and

the free component of the competing or radioactive ligand equals approximately the total ligand concentration.

The Scatchard analysis can be plotted as % inhibition/ligand concentration versus % inhibition (36).
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nist-antagonists or opioid peptides, exhibit

similar affinities in inhibiting the binding of
[3H]naloxone and [12511 [D-Ala2, MePhe4,
Met(O)5-ol]-enkephalin (Table 2) in the ab-

sence of Na�. However, considerable differ-
ences exist in the inhibition of binding of
[‘9] [D-Ala2, D-Leu5]-enkephalin com-
pared to [‘9] [D-Ala2, MePhe4, Met(O)5-
ol]-enkephalin. Narcotics such as mor-
phine, normorphine, oxymorphone and no-
roxymorphone are about 30 to 60-times

more potent in competing for [1251] [D-Ala2,
MePhe4, Met(O)5-ol]-enkephalin than for
[1mI] [D-Ala2, D-Leu5]-enkephalin. Nalox-
one, nalorphine and levorphanol are about
10 to 25-times more potent in inhibiting the

binding of [1251] [D-Ala2, MePhe4, Met(O)5-

ol]-enkephalin than that of [‘9] [D-Ala2,
D-Leu5]-enkephalin. So far, all mixed ago-
nist-antagonists display less difference in
their affinity for these two binding sites, as
shown by low IC50 ratios (Table 3). In con-
trast, opiate peptides behave very differ-
ently (Table 2). [D-A1a2, MePhe4, Met(O)5-
ol]-enkephalin appears very similar to opi-
ate agonists, being more potent in compet-
ing for the binding of [1251] [D-Ala2,
MePhe4, Met(O)5-ol]-enkephalin or [‘H]-
naloxone than of [1251] [D-Ala2, D-Leu5]-
enkephalin. [D-Met2, Pro5]-enkephalin dis-
plays similar properties but the difference
for both binding sites is reduced. However,

TABLE 2

Comparison ofthepotency ofopiates and enkephalin analogues in competing for the [“‘I] ID-Ala’,

D-Leu”]enkephalin, [“I] [D-Ala’, MePhe4, Met(O)5-ol]-enkephalin and [3H]naloxone binding sites

!C� values (the concentration of competing ligand causing 50% inhibition of specific binding) are estimated

from the competition curves using concentrations of 0.05, 0.2 and 0.38 ni�i for [125J] [D-Ala2, D-Leu’]-enkephalin,

[‘9] [D-Ala’, MePhe4, Met(0)5.ol]-enkephalin and [‘H]naloxone, respectively. Values are expressed as ni�i ±

SE of 3 to 6 separate experiments.

Compounds IC,,,, ni�i

[125!,] [D-Ala’, D-

Leu ]-enkephalin
[“‘I]JD-Ala’,

MePhe , Met(O)’-
ol]-enkephalin

[3H]naloxone

-Na� +Na�

Morphine 35 ± 5 0.4 ± 0.2 0.5 20

Normorphine 52 ± 14 0.8 ± 2 2 50

Oxymorphone 21 ± 6 0.3 ± 0.1 0.8 20

Noroxymorphone 83 ± 20 1.3 ± 0.4 1 55

Levorphanol 4.0 ± 1.0 0.3 ± 0.1 0.3 5

Nalorphine 8.0 ± 1.2 0.3 ± 0.1 1.5 5

Butorphanol 1.7 ± 0.3 0.4 ± 0.2 1.0 4

Oxilorphan 1.0 ± 0.1 0.3 ± 0.1 0.7 2.1

Pentazocine 67 ± 20 9.3 ± 0.7 10 30

Cyclazocine 1.2 ± 0.3 0.3 ± 0.1 0.4 1.3

Naloxone 15 ± 8 1.1 ± 0.2 1.0 1.0

[D-Ala’, MePhe4, Met(O)5-ol]-enkeph-

am 14 ± 5 1.2 ± 0.4 0.8 20

[D-Met’, Pro’]-enkephalin 4.7 ± 0.3 1.2 ± 0.4 1.5 10

[D-A1a2, Met5]-enkephalin 2.1 ± 0.2 5.3 ± 1.3 10 50

[Met5]-enkephalin 4.4 ± 0.9 8 ± 2 9 50

(1.6 + 0.4)#{176} (3 ± 1)#{176} (35)4

[Leu5]-enkephalin 3.0 ± 0.3 20 ± 5 28 250

(1.5 ± 0.8)� (4± 1)� (3#{149}4)a

[D-Ala’, Leu5]-enkephalin 1.5 ± 0.1 4 ± 0.2 6 30

[D-Ala2, D-Leu”]-enkephalin 1.6 ± 0.2 4 ± 0.2 5 33

Monoiodo [D-Ala’, D-Leu”]-enkephalin 1.5 ± 0.2 4.5 ± 0.5 - -

Monoiodo [D-Ala2, MePhe4, Met(O)’-

ol]-enkephalin 20 ± 5 1.4 ± 0.3 - -

a Mn2F largely increases the affinities for receptor sites. The values in the parentheses were obtained in the

presence of 1 mi�i MnCl,.




